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SUMMARY 


The mechanical properties of Spacewind, an open-weave 
filament-wound material, were evaluated both analytically 
and experimentally. 


A computer program was developed for calculating the com- 
posite properties of a spacewind laminate based on the 
fiber and resin properties, fiber orientation, and fiber 
coverage ratio. The calculated values agree quite well 
with experimental values for graphite. However, poor 
correlation was found with S-glass and Kevlar 49. The 
test specimens failed in buckling, which accounts for 

the difference between calculated and measured strengths. 


The test specimens were sandwich wall flexural panels 
having either Nomex honeycomb or PVC foam core material, 
and tubular tensile specimens. The sandwich wall panels 
were tested in flexure and for impact (ball drop). 


The PVC foam core specimens were found to have higher 
impact resistance than the honeycomb and gave a much 
smoother surface. Graphite/epoxy faces proved to have 
much higher impact resistance than either glass or Kevlar 
49. 


Tubular tensile specimens, except for those made of 
graphite, were found to be unstable due to a lack of 
hoop strength and gave nonrealistic results. 


As a demonstration of the feasibility of using Spacewind, 
the body and wing for the AQUILA remotely piloted vehi- 
cle were designed, fabricated, and tested. The body and 
wing sustained the ultimate design loads with no signs 

of failure. Spacewind filament-wound structural elements 
were proven to be practical. All of the objectives of 
the program were met. 
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PREFACE 


This report was prepared by Fiber Science, Inc. in accor- 


dance with Contract DAAJ02-76-C-0040, issued by the Eustis 
Directorate, U.S. A ir Mobility Research and Develop- 
ment Laboratory, Fort Eustis, Virginia*. Mr. Eddie Dean 
was the U.S. Army program technical monitor. 


The activities reported herein cover the period from June 


1976 to May 1977. The Fiber Science project engineer 
Mr. Sam Yao 


*Redesignated Applied Technology Laboratory, U.S. Army 
Research and Technology Laboratories (AVRADCOM), 1 


September 1977. 
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INTRODUCTION 


This report is concerned with a filament winding technique 
developed by Fiber Science and called Spacewind. The name 
is descriptive -- spaces are left between filament wound 
strands. The final structure might have large spaces and 
appear to be made of a fish net. It might have smaller 
spaces and appear to be made of a loosely woven fabric. 


Spacewind is suitable mainly for lightly loaded structures. 
It is intended to minimize weight by leaving out material. 
It also reduces strength in some nonlinear fashion as 
material is left out. 


One purpose of this contract was to devise an analytical 
model of how strength changes as the Spacewind parameters 
of open spaces and winding angle change. Another purpose 
was to verify the analytical model by specimen testing. 
Both the analytical model and specimen tests were to be 
verified by fabricating the fuselage and one wing of an 
RPV model and then subjecting the model to dead weight 
loading. 


Filament winding is a well-known process. However, it 
has developed a unique vocabulary that is not so well 
known. The few definitions that follow will clarify 
some of the later text. 


Strand A general term indicating an essentially 
continuous length of filamentary material, 
whether large or small, twisted or un- 
twisted. 


Band Width A single strand might be wound or several 
strands might be gathered and wound at one 
time. Band width is the width of the total 
number of strands wound at one time. 


Winding Angle Strands are wound onto a rotating mandrel 
by traversing from end to end of the man- 
drel. The angle between a strand and the 
mandrel axis is the winding angle. It is 
both + and - with reference to cartesian 
coordinates since the band direction 
changes. 


F.C.R. Fiber Coverage Ratio is the ratio of man- 
drel surface area covered with strands 


eae ee 
es 


oF going in one direction to the amount not 
covered, as sketched below. 


Fiber Volume A second ratio, unrelated to F.C.R., is 
the ratio of fiber volume to the total 
volume of fiber and resin. It is typi- 
cally given as a percentage rather than a 
ratio. 


MATERIAL PROPERTY STUDIES 


Mechanical properties of Spacewind panels and tubes were 
measured in order to verify analytical results. Sandwich 
panels using Spacewind faces and both honeycomb and PVC 


foam cores were tested in flexure. Spacewind tubes were 
tested in tension. 


The flexural specimen size and configuration is shown in 
Figure l. 
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Figure 1. Flexural Test Specimen 


Selected specimens had a half-inch-diameter hole drilled 
through both faces, exactly at the panel center, to give 
an evaluation of the effect of a cutout. 
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The facing materials used are given in Table l. The 
resin system was APCO 2434/APCO 2347 7.5 phr (Applied 
Plastics Company, El Segundo, California). 


Table 1. Reinforcing Fibers 


Fiber Description Band Width 
(inch) * 


S-2 glass, 12 end roving 
Kevlar 49, 1420 denier 


Thornel 300, 3000 filament 
strand 


Facing Thickness 
(inch) ** 


*100 percent coverage with 8 rovings 


**50 percent fiber volume 


Core materials were either Nomex honeycomb (HRH 10/0x- 
3/16-3.0) or PVC foam, both at 3 lb/cu. ft. density. The 
honeycomb is over-expanded, giving a rectangular cell in- 
stead of hexagonal. Over-expanding permits bending in one 
direction. 


Samples made are given in Table 2. Three specimens of each 
configuration were made and tested. 


Panels were tested according to Federal Test Method Stan- 
dard No. 406, Method 1032. Facing stresses were calcu- 
lated by: 


i Pp 33 
4t (d+t_)b 
c 
where F = facing stress 


Py = total force, applied at 2 points located a 
distance of a,/4 from each reaction 
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Table 2. Flexural Specimen Configurations 


Fiber Coverage Without With 
Ratio Cutout Cutout 


Fiber/Core 
Material 


Glass/Nomex 


Glass/Nomex 


Glass/Nomex 


Glass/Nomex 


Glass/Nomex 


Kevlar 49/Nomex 


Kevlar 49/Nomex 


Kevlar 49/Nomex 


Kevlar 49/Nomex 


Kevlar 49/Nomex 
Kevlar 49/PVC Foam 
Graphite/Nomex 


Graphite/Nomex 


Graphite/Nomex 


Graphite/Nomex 


Graphite/Nomex 
Graphite/PVC Foam 
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a = span length 


B 
t = facing thickness 
dad = total sandwich thickness 
te = core thickness 
b = sandwich width 


Results are given in Table 3. 


Tensile strength and elongation at various winding angles 
was measured with a tubular specimen (Figure 2). 


Winding angle 


N LILI 
[a Ti TT a as | 


Wall thickness, t 


End reinforcement for testing 


Figure 2. Tensile Test Specimen 


The same fibers used for flexural panels were used for 
tensile specimens. Wall thicknesses were .014 inch for 
S-2 glass and .012 inch for Kevlar 49 and Thornel 300. 


The samples made are given in Table 3. Three specimens 
of each configuration were made and tested. 
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Table 4. Tensile Specimen Configurations 


Fiber Fiber Coverage Fiber Angle 
Material Ratio (Degrees ) 


S-2 Glass 


Kevlar 49 


Thornel 300 


Samples were tested according to Federal Test Method Stan- 
dard No. 406, Method 1011, with one exception. The wall 
is supposed to be machined to 60 percent of the original 
wall thickness over a length of 2-1/4 inches to assure 
failure in the gage length. Spacewind samples are thicker 
at crossover points than between these points. Machining 
would hit only the crossovers and complicate the analysis. 


Results are given in Table 5. 


Inpact damage resistance was evaluated with a dropping 
ball test according to Federal Test Method Standard No. 
406, Method 1074, with two exceptions: A 2.2-pound 
(2-1/2-inch diameter) steel ball was used instead of a 
-5-pound ball. The drop height was varied between 6 and 
18 inches instead of 1 and 20 feet. The results, given 
in Table 6, are only comparative and do not have a design 
value. 
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TEST RESULT ANALYSIS 


Flexural test results are given in Table 3. Samples with 

% foam cores were two to three times stronger than those 
with honeycomb cores. All samples except those at 1.00 
ratio coverage (plus .62 for graphite) failed by skin 
buckling. The foam core gives 100% support to the wind- 
ings to prevent buckling, whereas honeycomb gives much 
less support because it provides much less bonding sur- 
face. Foam core is preferred over honeycomb for this 
reason. It is also preferred for manufacturing conve- 
nience, as will be discussed later. 


Cutouts had no effect on strength except possibly with 
graphite. The reason why graphite might respond to a 
cutout is not clear. Very probably there is no real 
difference between any of the cutout and plain panel 

pairs for statistical reasons. It is not unusual for 

the standard deviation to equal 20 percent of an average 
composed of only three test results. This point cannot 

be verified because of the few samples tested. Any future 
program should include samples for a statistical base line. 


Tensile test results are given in Table 5. The samples 
were to be composed of only wound strands without any 
facing sheet or core material. The result was to fail 
all samples except 1.00 ratio coverage graphite in shear. 


Flexural samples failed because of a face buckling insta- 
bility. Tensile samples failed because of what might be 
called a lateral support instability. Since lateral 
support instability is not a recognized engineering term, 
it needs some explanation: The tubular tensile specimens 
are supported internally in the grip areas during test. 
The gage length has no support at all. The specimen wants 
to neck down as it is stretched, just as a scissors jack 
gets narrower as it goes higher. The winding angle changes 
as the specimen necks down, but the only restraint is the 
resin between strands. Resin shear strength is the lowest 
of all mechanical properties of composites. Specimens 
failed at a very low strength because only resin is being 
loaded. 


If lateral support is given, for example by adding a core 
substrate or by winding a thick wall at 1.00 ratio coverage, 
the failure mechanism becomes tension rather than resin 
shear. Samples with a foam core to prevent lateral insta- 
bility should be included in any future program. 
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Impact damage normally is measured by some type of pendu- 
lum device, such as an Izod test. Spacewind is not suit- 
able for Izod testing because only the crossover points 
would be hit and the actual force would be much greater 
than the programmed force. A standard dropping ball test 
was used for this reason. Results are given in Table 6, 
page 17. 


Foam core again gives more support than honeycomb core and 
is preferred. Delamination size is only a rough gage of 
impact damage. 


19 


| 
| 
| 
| 
| 


ANALYTICAL RESULTS 


A computer program was written to predict Spacewind me- 
chanical properties. It is presented in Appendix A. The 
program assumed a failure mode of tension or compression. 
Test samples failed because of an instability, which indi- 
cates that the program should be valid only for stiffness, 
Poisson's ratio and coefficient of thermal expansion. 


Figures 3 through 8 give calculated strength and stiffness 
of S-glass, Kevlar 49 and Thornel 300 Spacewind as a func- 
tion of winding angle and fiber coverage ratio. Figures 
9, 10 and 11 give correlations between calculated and 
Measured results for flexural strength. 


Graphite correlation is quite good, indicating that buck- 
ling failure of specimens occurred only very shortly be- 
fore a tension or compression failure would have occurred. 


Glass correlation is poor. All samples failed by buckling 
because of the low glass modulus, resulting in premature 
failures. Buckling is a function only of bond strength to 
the core. Plain winding resin was used as the adhesive 
for these samples. A better adhesive might delay buckling 
enough to improve correlation. 


Kevlar correlates poorly also, in spite of its high ten- 
sile modulus. Tensile and compressive modulus normally 
are the same for fibers, but Kevlar is an exception. Rel- 
atively low compressive loads will cause Kevlar to split 
axially, leaving two or more filament fractions bunched 
together. Buckling failure follows immediately. Kevlar 
is demonstrating this splitting, or fibrilation, in the 
flexural buckling observed in test panels. However, the 
fiber compressive strength used to predict the composite 
properties appears to be too low. 
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Figure 3. 


Thornel 300/Epoxy, Tensile 
Strength vs Winding Angle 
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Figure 4. Kevlar 49/Epoxy, Tensile 
Strength vs Winding Angle 
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Figure 6. 
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Figure 7. Kevlar 49/Epoxy, Modulus 
vs Winding Angle 
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Figure 9. Correlation of Calculated & 
Measured Flexural Strength 
for Glass 
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Figure 10. 
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RPV STRUCTURAL COMPONENT DESIGN 


:: A basic structure of the wing and fuselage was designed 
a using the XMQM-105 AQUILA RPV for baseline shape, weight, 
4 structural performance, and cost guidelines. 


Wing 
The design of a half-span wing is shown in Figure 12. The 
wing structure consists of the upper and lower wing panels, 
fore and aft spars, and inboard and outboard closeout ribs. 
All components are sandwich wall construction. The wing 

structure is capable of carrying a 350-pound vertical load 


and a 200-pound horizontal retrieval load applied at the 
wing tip. 


The wing panel was designed for chordwise bending, mainly 
to beam the pressure acting on the surface to the spar. 
The chordwise shear loads are carried from the sandwich 
facings to the metallic attachment spool through a bonded 
surface. The facing of the sandwich panel consists of 
-014-inch-thick Spacewind broadgoods with a 25-percent 
fiber coverage. The fibers are oriented at + 60 degrees 
from the span direction. The outside and inside facings 
are separated by a 3/16-inch-thick PVC foam core. A sheet 
of l-mil-thick Tedlar film bonded on the outside surface of 
the panel acts as a surface veil. 


The spars are designed for spanwise bending. The fore spar 
located at the 25-percent chord line is assumed to carry 
100-percent of the loading. The aft spar located at the 
70-percent chord line is assumed to carry 50-percent of the 
loading. The spar construction is essentially an I-beam. 
There are two spar caps and a web. The spar cap consists 
of a graphite longo. An aluminum spool is wrapped around 
with longos and provides the point of attachment. The 

spar web consists of Style 1581 glass fabric as sandwich 
facings and 3/16~-inch PVC foam. 


The closeout rib consists of glass fabric sandwich facings 
and PVC foam core. 


Fuselage 


The design of the fuselage is shown in Figure 13. The 
structure consists of a shell and two main bulkheads. The 
shell consists of graphite/epoxy facings and 3/16-inch- 
thick PVC foam core. The sandwich facing is Spacewind 
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-014-inch-thick broadgoods with a 25-percent fiber coverage. 
The fibers are oriented at + 45 degrees from the body axis. 
A sheet of Style 104 glass fabric is laminated on the out- 
side of the shell as a surface veil. 


The bulkheads are designed to carry the wing bending mo- 
ment. The bulkhead consists of Spacewind graphite/epoxy 
facings and 3/4-inch-thick Spacewind broadgoods with 
25-percent fiber coverage. The fibers are oriented at 

+ 45 degrees from the spanwise axis. Aluminum attachment 
spools at the upper and lower corners of both ends are 
wrapped with graphite longos. The longos tie the spool at 
one side to the spool at the other side of the fuselage to 
form a continuous beam element. 


There is an end rib on the stub wing of each side of the 
fuselage. The rib is designed to distribute the fore and 
aft loads to the fuselage. Also, the rib is used as a 
link to tie the fore and aft bulkheads together at the 
attachment points to resist the loads in the chordwise 
direction. 


The accessory mounting structure consists of partial bulk- 
heads and intercostals. A shelf on the top of the struc- 
ture provides the support for the accessory package. 


The cutout and holes in Spacewind structures do not pose 
significant design problems. The opening is normally 
reinforced to carry the load. 

Attachments 

The wing to fuselage attachment was actually fabricated. 
Other attachments, such as payload, engine mount and con- 
trol surfaces, were not fabricated. However, all attach- 
ments are based on one of three principles: 

Es Use longos wrapped around spools. 


Ze Use a metal plate with attached bracket bonded to a 
vehicle surface. 


3. Use a composite bulkhead bonded inside the fuselage. 
The first attachment concept was used to join the wing 


and fuselage. The fuselage connection is made with graphite 
longitudinal (longo) fibers wrapped at two places on a set 
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of aluminum spools as sketched in Figure 14. 


Graphite longo 


Spool 


Figure 14. Fuselage Attachment for Wing 


PVC foam is filled between the longos and on top and bottom 
as sketched and then Spacewind face sheets are bonded on. 
This assembly is a frame which is bonded inside the fuselage 
with the spools exposed on either side of the wing stub. 


The wing matching joint is made by wrapping longos around 
a set of spools matched to the fuselage. Dummy spools are 
used at the wing tip end for winding, but then are cut off. 
The longos are bonded to the top and bottom inside skins as 
sketched in Figure 15. 


Flanges on a wing spool go over the top of the mating fuse-~ 
lage spool and a single 1/4-inch bolt joins the two. In 
this manner, a load applied to one wing transfers to the 
opposite wing. Counter-acting loads, as normally would be 
experienced, are taken in tension and compression by the 
longos and transferred by shear through the fuselage bulk- 
head bond and longo bonds to the wings. 


The payload attachment is a shelf made of foam core and 
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Spacewind faces, bonded horizontally at the proper nose 
position. The camera is bolted to this shelf and shoots 
through a hole cut in the shelf. 


Closing rib 


Figure 15. Wing Attachment for Fuselage 


The engine mount is a similar shelf, this time called a 
fire wall, bonded vertically in the proper aft location. 
Mounting holes would have to be reinforced with a solid 
insert in the wall. 


Control surfaces are simple elevons, pivoting at two 
places. Both places can utilize metal brackets which 
bond between the outer skin and core as sketched in 
Figure 16. 


All attachments are designed the same as for standard com- 
posites. 


Fatigue 


Fatigue tests were not performed as part of this contract. 
However, previous experience with materials used in this 
contract indicates that fatigue life should be good and 
similar to conventional composites. 
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Figure 16. Control Surface Attachments 


Damage Tolerance 


Impact testing of panels with and without 1/2-inch-diameter 
holes indicates the hole has little or no effect. One can 
assume that ballistic damage would approximate this size 
hole and also have little or no effect. 


Environmental Extremes 


Environmental testing was not performed as part of this 
contract. Prior experience with the materials used indi- 
cate the normally assumed environmental conditions for 
aircraft, such as -50°F to +140°F temperature capability, 
can be met. It might be important to seal out moisture 
by using a Tedlar surface veil on both sides of the sand- 
wich wall. 


Weight 


A weight analysis of a half-span wing was performed. The 
weight is 3.82 pounds. The weight breakdown is as follows: 
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Item 


Surface veil 
Wing panel - skins 
- core 
- filler 
Longo spools 


Forward spar - caps 
- web 


Aft spar - caps 
- web 


Corner ties 
Ribs 


Bond liner 


Material Weight (1b) 
Tedlar film a2 
Graphite/epoxy -60 
Pvc foam - 80 
Syntactic foam -10 
Aluminum -20 
Graphite/epoxy - 30 
Glass fabric-PVC foam -42 
Graphite/epoxy 18 
Glass fabric-PVC foam -24 
Glass/epoxy -62 
Glass fabric-PVC foam eZ 
Epoxy ke 
TOTAL 3.82 
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FABRICATION DEVELOPMENT 


A model RPV fuselage and one wing were designed and fabri- 
cated to demonstrate techniques and feasibility. Design 
details are given on pages 30 through 37. 


The procedure for all fabrication is to wind onto a cylin- 
drical mandrel whatever coverage ratio and winding angle 
is needed. The mandrel is covered with a sheet of plastic. 
The winding and plastic sheet are cut axially and removed 
from the mandrel. The plastic sheet acts as a carrier and 
is removed after the Spacewind sheet is laminated into a 
mold. 


Initial samples made as described above had quite a rough 
exterior surface because of the Spacewind configuration. 
The model was made with an exterior layer of 1l-mil-thick 
bondable Tedlar film to give a good surface. It also gave 
better resin filleting at Spacewind crossover points. 


Style 104 glass cloth was also evaluated as an outside sur- 
facing material. It is better than Tedlar in that it will 
conform more readily to extreme changes in contour. How- 
ever, it is also heavier and should be used only when Tedlar 
cannot conform to the desired contour. 


Both honeycomb and PVC foam core materials were evaluated. 
Over expanded honeycomb will bend in one direction but not 
two. Extensive slitting and patching is necessary to fit 
it over compound contours. PVC foam can be thermally 
formed to most contours and is preferred for this reason. 
Structural reasons mentioned earlier also give a preference 
to foam over honeycomb. 


A detailed fabrication sequence is given in the following 
section. 
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FABRICATION SEQUENCE 


The basic structure of a left wing and fuselage of the 
AQUILA RPV was fabricated to the Spacewind specifications. 
The fabrication procedures were as follows: 


Wing Panel 
Le Prepare mold surface for bonding. 


2 Apply a 1l-mil-thick bondable Tedlar film on the mold 
half. Draw a vacuum between the film and the mold 
surface. Rub out wrinkles and remove the trapped air. 


35 Laminate a Spacewind outside skin on top of the Tedlar 
film with the skin carrier film facing up. Work the 
spacewind skin to conform to the mold surface. Remove 
the skin carrier film. 


4. Install the pre-formed PVC foam core. 
Bs Laminate the Spacewind inside skin on top of the foam 
core with skin carrier film facing up. Work spacewind 


skin to conform to the shape. 


6. Apply a vacuum bag. Draw a vacuum and rub out. 


Ps Cure. 
8. Remove vacuum bag and the inside skin carrier film. 
9. Trim to size. 


Fuselage Shell 


Repeat steps to fabricate wing panels, except replace 
Tedlar film with one ply of Style 104 E-glass fabric/epoxy 
laid into the mold wet and rubbed out as a contact layup. 


Fuselage Bulkhead, Spar Web and Rib 


ae Apply a release film on the surface table. Draw a 
vacuum and rub out the wrinkles. 


Ze Laminate the sandwich facing on the release film. 


Ss Install the sandwich core. 
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Laminate the sandwich facing. 


Apply a vacuum bag. Draw a vacuum and rub out the 
wrinkles. 


6. Cure. 

he Remove the vacuum bag and release film. 

8. Trim to size. 

Spar Longo 

i. Prepare the aluminum spools for bonding. 

Pe Rig the aluminum spools in the winding fixture. 

Si Wind longos around the grooves of the aluminum spools. 
Remove the winding from the fixture. 
Cut the longo to length. 
Install the longo to the inside surface of the wing 
panel while it is supported on the wing mold. Align 
the spool and the longo per the drawing location. 
Apply a vacuum bag and rub out. 
Cure. 


Remove the vacuum bag. 


Bulkhead Longo 


be Prepare the aluminum spools for bonding. 


2% Rig up the spools on the bulkhead. 
Wind the longo around the groove of the spool. 
Apply the vacuum bag and rub out. 
Cure. 


Remove the vacuum bag. 


Wing Assembly 


Lap Place the lower wing panel on the mold. 


2. Apply adhesive to all the bonding surfaces ~- leading 
and trailing edges, fore and aft spar web locations. 


3. Apply the adhesive to the upper and lower edges of the 
spar webs. 


4. Install the spar webs to the lower wing panel. 


Ne Install the upper wing panel. Use weights to hold the 
wing panel down. 


6. Cure. 

ils Apply a cap ply to the leading edge split line. 
8. Install inboard and outboard ribs. 

9. Cure. 

Fuselage Assembly 

re Place the lower shell in the mold. 


2. Apply adhesive to all the bonding surfaces -- edges 
of shell, fore and aft bulkhead locations. 


3s Apply adhesive to the upper and lower edges of the 
bulkheads. 


4. Install the bulkheads in the lower shell. 


Ss Install the upper shell. Use weights to hold the 
shelf half in place. 


6. Cure, 


Re Bond end ribs on both sides. 


8. Final cure. 


RPV STRUCTURAL COMPONENT TESTING 


The Spacewind fuselage and wing assembly successfully 
passed the structural test of 700 pounds total wing load 
without any sign of failure. The test was set up as 
depicted in Figure 17. Loading was accomplished using 
25-pound bags of lead shot placed on the upper surface 
of the left wing and the simulated right wing. The wings 
were loaded simultaneously and symetrically by placing 
weights uniformly spaced along the 25-percent chord of 
both wings. 350-pound loads were applied to each wing. 
The deflection of the wing tip was 1.03 inches under full 
load. 


Thumb pressure tests on the wing surface and fuselage shell 
were conducted. The wing surface was found to be much 
stiffer than that of the existing AQUILA wing. No compari- 
son was made on the fuselage because the existing AQUILA 
fuselage was not available. 
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RPV STRUCTURAL COMPONENT COST ANALYSIS 


The cost estimate for production of Spacewind RPV struc- 


tural components is shown below. 


Basic Wing Structure 


Labor Man-hr 
Mold preparation 25 
Apply the Tedlar film +5 
Thermoform the foam core -5 
Wind the broadgoods 4.0 
Laminate the wing panel 3.0 
Wind the longos 3.0 
Install the longos 2.5 
Fab. the spar web and ribs 4.0 
Assembly 8.0 
26.0 
Quality Assurance 4.0 
Labor Overhead: 125% 
Material Cost 
Graphite $200.00 
Resin 50.00 
Foam 30.00 
Miscellaneous 50.00 
330.00 
Material Burden: 10% 33.00 
363.00 


General & Administrative Expense: 


Profit: 10% 


Total Cost 


@ $6.00/hr 
@ $7.00/hr 


$ 156.00 


28.00 
$184.00 


230.00 
$414.00 


363.00 
S 777.00 


194.00 
$971.00 


97.00 
$1,068.00 


25% 


~é 


Basic Fuselage Structure 


* Labor Man-hr 
Mold preparation -5 
Apply the Tedlar film 5 
Thermoform the foam core 1.0 
Wind the broadgoods 4.0 
Laminate the shell 3.0 
Wind the longo 2.0 
Install the longo VARA 
Fabricate the bulkheads 4.0 
Assembly 8.0 
25.5 @ $6.00/hr $ 15&3.00 
Quality Assurance 4.0 @ $7.00/hr 28.00 
181.00 
Labor Overhead: 125% 226.00 
$ 407.00 
Material Cost 
Graphite $200.00 
Resin 50.00 
Foam 30.00 
Miscellaneous 50.00 
$330.00 
Material Burden: 10% 33.00 
$363.00 363.00 
$ 770.00 
General & Administrative expense: 253% 193.00 
S$ 963.00 
Profit: 10% 96.00 
Total Cost $1,059.00 
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CONCLUSIONS 


The model RPV structure fabricated withstood all required 
loads, was of allowable weight, and presented no manufac- 
turing problems. It was totally successful. 


There were problems in sample testing. Hindsight indicates 
tensile test samples should have had a foam core to repre- 
sent more nearly the end application. 


Flexural panels failed predominately by buckling. Better 
adhesion between the core and Spacewind face and a stiffer 
core will retard or eliminate buckling. 


Correlation between the computer model and test results was 
good for graphite, fair for Kevlar, and poor for glass. 

The computer model assumes that failure was caused by ten- 
sion, compression or shear. Samples failed by an insta- 
bility mechanism. There is reasonable doubt whether 
correlation problems are caused by computer model errors 

or test result errors. Since the scale model RPV sus- 
tained all required loads and since it was designed accord- 
ing to analytical methods, the evidence favors the computer 
model being reasonably accurate. 
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APPENDIX A 
COMPUTER PROGRAM AND PRINT OUT 


PROGRAM SWPROP (INPUT »OUTPUT,TAPES=INPUT, TAPEG=OUTPUT) 
OIMENSION HEAD(16) 
REAU(5,2) (HEAD(I) I 81,16) 
FORMAT(16A5) 
IF (EOF 45) 1194 
READ(5,5) VF oUF pURsRHOF,RHOZSEF s EFT oGF pERe F TUsFCUy FSUy AF oAFT SAR 
FORMAT(SFLU64/4£10 639 SF 1L0.0/3E1 063) 
CK=.25 
VR=1.-VF 
nF =VF *RHOF/ (VF *RHOF ¢VR*RHOR) 
WP=1,-WF 
FI=FTU 
FC=FCU 
FTU=FTU*VF 
FCU=F CU* VF 
CC=.25 
RHO=(VF*RHOF ¢ (1.-VF)*RHORD *CK 
WRITE (6,10)HEAD 
FORMAT(1H1,16A5) 
WRITE (6,86)UK 
FORMAT(SXs22HFIBER COVERAGE RATIO =F5.3/) 
WRITE (6511) 
11 FORMAT(5X,1OHFIRER PROPERTIES, 2 ZXy16HRESIN PROPERTIES» 22X_20HCOMPO 
LSITE PROPERTIES/) 
WKITe (6512) VF s LF pVRyERe RHO OWE FEF T »WRyARyFTUs RHOF » GF ep RHORSURFCUSFT 
1 »AF,FSU,FSU,yFCyAFT yUF 
12 FORMAT(SX,SHVF 9 =F6e%ebXe4HE= =E1003,5XeSHVR =FO.4s,8Xe4HER =E10.3 
LeSX s4HtRHO=FOe4G/5X SHWE = =Foeby BXo4HEFT=E10e3,5Xe5HWR =FO04, Be GHA 
CR Hcl le Se SX e4HFTUSF 901 /5X—SHRHOF HAF O64 eX G4HGF =E10.395XsSHRHOR=F6. 
348K eGHUR =FoeGsIKy GHFCUSFI6A/SXeSHFTU =F901eSK ey GHAF =E10.3,5%s5NF 
GSU =F9el 9 24Xo4HF SUZFI6L/SX 9 SHFCU =F9e 19 SXeGHAFT=E10.3/5KySHUF =FE 
Se4/) 
WRITE (0,15) 
15 FOKMAT(129H ALPHA cx EY GxyY UXY 
1 UYX FxTU FYTU FXCU FXY AX 
2 Avs) 
A=(. 
2G CONTINUE 
A=A/57.23578 
S1=SIN(AD 
Sc=S1**2 
S3=S1*S2 
S4=S2**2 
C1=COS(AD 
C2=Ci**2 
C7=U1*C2 
C4=C2**2 
S2A=SING2.*%A} 
C2A=COS(2.*%A) 
UL T=UF *VF ¢UR*(1,-VF) 
SVF=SQRT(VF) 
EL=EF*VFO(1.-VF) FER 
EC=EFT 
C=SvVF 


ET=C(CFECHM1L.-CIPERD FER) SICFERE (Lome eo PUR**20F(1.-CdP* (CFEC H(1e-C)* 
LERDI*CK 

UTLEULT*®c T/CL 

U=1.-ULTFUTL 

GR=ERS Cc oF C1. +URDD 

GLT=GR* (GFECHGR* (Le-CdD SZ OC1 $C) H(GFYCHGRE(1.-C)) ¢GRFC) 


B11 ELe/U*CELFECHFc TES GO (2.5L FUTL #46 *UFGLTD *S2*C2) 

b22 SLeJUFbE TFCOFEL *SG4(c FEL FUTL +4. *UFGLTDYS2*C2) 

330 ELe/UPCCEL FET H26* CL *UTL) *S2*C2+UutuLT*(Cc-S20%*2) 

Bie SL SUS CCEL CET HG oP UFGLTPES2*C2CELPUTL#ICKSSh)) 

B1Ss SLe/UF(CETHELFUTL 26 *U*GLT) #SS*C1=CEL-EL*UTL=2 o*UPGLTI*S1*C3 
1) 

B25 Fhe /UP(CETHELFUTL ~ 26 #U*GL TI *S1*C 3 CEL EL PUT Lc *UPGLTI*S3*C1 
1) 


EX=(B1a-dlL2**2/822) *CK 

EY=(B2c-8i2** 2/811) *CK 

UXY=B12/822 

UYX=B42/811 

GXY=B833*CK 

THERMAL EAPANSION VALCULATIONS 
ELSCLA(CHHEL #SGET# 25% (EL SSL T= 2.*UL TIF S2A*%S2A) 
ECECLAISGHELFCG/cT# e254 (EL /GLT=-2.*ULT) *S2A"S2A) 

GIS=EL/ (Lot 2e FULT FELJET “C1. +2.*ULT HEL SET -EL/GLT I *C2A*C2A) 
ULE =ELEL*(ULT =. 25" (1 ot 2e*ULTHEL eT -EL/GLT) PS2A*S2A) 
Ucl=U12*E2/EL 
Bl=S2A*(2.#ULTHELJET@eS*EL/SGLT-C2*(1.+2e*ULT CEL SE T-EL/SGLTOD 
B2=D2A¥(2.PULTHCL/ET=eS5*EL/GLT-S2*(1. 42. UL TEL SET -EL/GLT)D 
ELR=EL/(EL/c1-B1*B81*G12/EL) 

CZESEL/(EL/c2-Bc*d2*Gi2/El) 

U2LB=EQUSEL*(UZLFELZE2*+ Bi¥BcFG12/EL) 
U1ed=caA/EL* (UL2 FEL /E1+ B1*B82*G6127EL) 

Gi1SAEL FH $16 -ULSSUZII/S SEL S91, -Ui 2*U21) 612-81 FEL EL *(B1 +U21%B2)-92% 
LE2/EL*CR2¢Ui2*B1)) 

AL=(AK*(1L.-VFD FE RGAF EVE FEF) JEL 

B=SQRT(VF/ 341415926) 

AD=AR* (1-26 *B) +2. PAF T* 3-URF (AF T-ARDF (1,-2.8) 
EO=cR*EFT/(cFT* (1.-26*8 I +2, *ER*B) 
AT=(AULFLUFBFARFER*(1.-B) VET 

AL=AL*CCHAT*S2 

A2=AL*S2+AT*C2 

M1i2=2.*(AT=AL)*S1*C1 
A1B=A1-A12*B1*G127EL 
AZB=A2-AL2*°U2*G127EL 

STRENGTH CALUULATIUNS 
PST=U y 

UL=1Le/ (Be *PSTI* CEL Cc THUTLYEL + UL TET) 
Veries(2e*PoldF(PSI*GLT -65* (UTL FEL FUL TET) 
U3=1./026*PSL) F(EL@-ET) 

UG= le (de *Pold (EL tC TC UTL#=LOULTFE TI -G.*PSI*GLT) 

ULIL E56 *ULFU24U3 44 

QLZL=UL-U2-U4 

Q2cL=3.*ULFU2-U3+U4 

Q66L=U14U2-U4 

Q1.M=56*U14U2-U34U4 
Ql M=U1L-U2-U4 


Q2cM=5.*ULFUZ4U3+U4G 
QOEM=U1LFU2-U4 
* QLILN=3.*U1LFU2Z+US*COS(e. PAD EUGFCOS(4.FA) 
Qi 2N=U1-U2-U4*COS(4, A) 
Q22N=3.*UL+U2-U3*COS(2.#A d*UG*COS(4, AD 
QOON=U1LFU2-U4* LOS (4, 4A) 
i RQ1:=Q11N 
RU12=Q12N 
ROQ2c=Q22N 
RQ60=Q66N 
4 FXCU=FCU*(RQ11 *RO22-RQL2 F2I12) / (OLIL*RQ2c-O.2L *RQIZ) FCK 
FYCU=FCU* (RQ11*RQ22-221 2*R4l2)7 (922M*ROL1-O12M*RQ12) CK 
A=.785398-a 
QLIN=S.*ULFUZFUS*FCOS(2. FA) FUG*ECOS(G. FAD 
QI2N=UL-U2-U4*COSI4. A) 
Q22N=35.*ULFU2Z-U3Z*LOS(2.4%A V+#UG*COS (4, *A) 
i Q6EN=U1L+U2-Us*COS(4, A) 
I RQ11=Q11N 
RO12=Q12N 
RO2.=022N 
RQ66=Q66N 
F SCUFFCU* (RQ11 F9Q2c-RUL2*RIL2)7 (O11 L*2Q22-012L*RQ1I2) *CK 
A=.7865398-A 
eT=0. 
‘ ULT=0. 
I UTL=u.5 
PSI=1. ‘ 
U1l=1./08.*PoT)* (ELFETTOUTLFELeULT*ET) 
f U2=16/(2.*PSI)*(PST#GLT-.5*(UTL FEL*ULT*ET)) 
| Us=1./(2.*Pol) *lcb-cT) 
| UG=1./08.*POTD* (EL tc T~CUTL*®cL¢UL T*cT) =4.*PSI*GLT) 
QLIL=S.FULFEU2S+U34UG 
Q1iZL=U1-U2-U4 
ASSLES.FULFEUZ-U34UG 
QE6L=Ui tU2-U4 
Q11M=3. *U1LFU2-U 344 
Qi 2M=U1-U2-U4 
Q22M=3.*ULFU2Z4UZ4UG 
Q66M=U14+U2-U4 
QLIN=3.*ULFUZFUS*COS (2. FAD FUG FCOS(G.FA) 
QL2N=UL-U2-Ue FL OSI4.*A) 
Q22N=3.*ULGU2-U3*COS(2. 4A Y*#UG*COS(4.*A) 
QOEN=U14U2-U4*COS14,*A) 
RQ1i=Q11N 
RQ12=Q12N 
| ROc2=022N 
RQ60=Q66N 
FXTUSFTU*(RQL1*RU2c RAG 2FRGL2 7 (QUILL RO2C-ULeL*RQ12)*CK 
| FY TUSF TU* (P7011 FROZ2-RILZ2FROL S07 (QZ2M*#RO11-O12M*RQIZ) FCK 
A=.785398-A 
QLiN=5.*ULEUZFUSFCOS(2. FAD FULFCOS(G.%A) 
QLEN=UL-“U2-U4*LOS (4. 4A) 
Q22N=3.*ULFU2-Us*COS(2.%A d+Ue*COS(&,*Ad 
QOGH=ULFU2-UG*CCSIG.*A) 
RO11=011N 


| RQ12=Q12N 
RU22=QZ2N 
RQbo=Q66N 
F STUFF TUF (ROLL 2Q22-°AL2 PXQL2I/ (Q14L* 2022-01 2L *RQI2) *CK 
FXY=FSTUS (Cin + CF oTUSFSCUDS*2¢FSTUSFSCUDF*.5)/26 
A=.765398-A 
A=A*57.095827 
WRITE (6655) me EX ey EV eGXV ey UX Q UYK y FXTU GFE VITUS EXCUSE YCUSF XV 9 A139 ,A28 
FORMATILK oF /o25SELce Spe Oey SF ively 2612.3) 
A=Aei. 
TF CAsG6e) ce ete le did 
100 CK=cK¢CC 
TE (CK-1. 06505105 
135 GO TO1 
aid STOP 
END 


“ 
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EFT 


MATERIAL PROPERTY COMPUTER OUTPUT NOMENCLATURE 


Fiber thermal expansion coefficient, in/in/F° 


Fiber Transverse thermal expansion coefficient, 
in/in/F° 
Winding angle relative to 


x" axis, deg. 
Resin thermal expansion coefficient, in/in/F° 


Composite thermal expansion coefficient in 
x-direction, in/in/F° 


Composite thermal expansion coefficient in 
y-direction, in/in/F° 


Fiber modulus, psi 

Fiber transverse modulus, psi 

Resin modulus, psi 

Composite modulus in x-direction, psi 
Composite modulus in y-direction, psi 

Fiber or composite compressive strength, psi 
Resin or composite shear strength, psi 

Fiber or composite tensile strength, psi 
Composite compressive strength in x-direction, psi 
Composite tensile strength in x-direction, psi 
Composite shear strength, psi 

Composite compressive strength in y-direction, psi 
Composite tension strength in y-direction, psi 
Fiber shear modulus, psi 

Composite shear modulus, psi 

Composite density, lb/in? 

Fiber density, 1b/in? 

Fiber Poisson's ratio 

Resin Poisson's ratio 

Composite Poisson's ratio 

Composite Poisson's ratio 


Fiber volume ratio 


Resin volume ratio 


Fiber weight ratio 


Resin weight ratio 
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